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INTRODUCTION
Integrins are α /β heterodimeric transmembrane receptors that are expressed on all cells. They provide stable adhesion of cells to the extracellular matrix or to other cell counter receptors by forming complex adhesion sites, which serve as signaling platforms (outside-in signaling) that induce cell polarity, migration, survival and proliferation. Since integrins reside in an inactive state, integrin-ligand binding requires an integrin activation step (inside-out signaling), which switches the heterodimer from a low to a high affinity state. The majority of studies that defined integrin affinity regulation were performed on α IIbβ3 and β 2-class integrins expressed by platelets and leukocytes, respectively. These cells circulate in the blood and keep their integrins in an inactive state until they encounter soluble or membrane-bound agonists, which activate talin-1 and the hematopoietic cell-specific kindlin-3, which in turn cooperate to induce integrin activation and clustering 1, 2 . Consequently, loss of kindlin-3 or talin-1 expression in platelets and leukocytes abolishes activation of α IIbβ3 and β 2 integrins leading to severe bleeding and leukocyte adhesion defects [3] [4] [5] [6] .
Talin, which consists of an N-terminal FERM and a C-terminal rod domain, exists in an autoinhibited globular and active extended conformation that binds and activates integrins. In the auto-inhibited state, the rod domain interacts with the FERM domain, which masks the integrinbinding site 7 . This inhibition is released by binding of the membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) to the talin head, which disrupts the auto-inhibitory interaction between the rod domain and integrin binding region on the talin head and orients talin on the plasma membrane enabling β integrin tail binding [7] [8] [9] [10] [11] [12] [13] .
Talin activity has been shown to be regulated by activation of the small GTPase Rap1, a known regulator of cell adhesion 14 . RIAM (Rap1-GTP-interacting adapter molecule) is a Rap1 effector molecule, which localize to the leading edge of spreading cells and is expressed in many tissues. It belongs to the MRL (Mig-10/RIAM/lamellipodin) protein family, a group of multidomain adapter proteins involved in the regulation of actin dynamics, cell adhesion and migration and cell growth 15 . Knockdown of RIAM abrogated Rap1-induced adhesion to integrin ligands, while RIAM overexpression increased cell spreading and adhesion to β 1 and β 2 integrin ligands 16, 17 . RIAM was identified in signaling complexes downstream of the T cell receptor and chemokine receptor CCR7, suggesting a role in integrin α Lβ2 inside-out signaling 17, 18 . The molecular mechanism that underlies RIAM-mediated regulation of integrin activity was then further elaborated in a cell model system, which allowed reconstructing the molecular pathways resulting in the activation of the platelet integrin α IIbβ3. These studies 
MATERIALS AND METHODS

Mice
RIAM
-/-mice were generated by intercrossing mice, whose exon 4 of the RIAM gene was flanked with loxP sites (Frank Gertler; manuscript in preparation), with a deletor-Cre mouse. All mouse experiments were approved by the District Government of Bavaria.
Statistical analysis
Data are presented as means ± SD (in vitro data) or means ± SEM (in vivo and ex vivo data).
Unpaired Student's t tests (in vitro data) or one-way analysis of variance followed by a multiple pairwise comparison test (Dunn's test; in vivo and ex vivo data) were used to compare datasets.
Supplementary methods
Details on antibodies, in vitro and in vivo experiments are described in the online supplementary materials and methods. Altogether, these in vitro data indicate that RIAM is required for β 2 integrin function in PMNs.
RIAM is required for leukocyte adhesion and extravasation in vivo
Next, we investigated whether RIAM -/-neutrophils also display defects in vivo. 
RIAM is required for T cell adhesion to ICAM-1 and for T cell homing to lymph nodes
Lymphocytes were also elevated in the PB of RIAM-deficient mice. Furthermore, T cell receptor (TCR) signaling was shown to induce integrin activation by promoting RIAM binding to Rap1 at the plasma membrane 17, 35 pointing to an important role of the RIAM/talin complex for T cells. To test this possibility we determined T cell differentiation and their distribution in primary and secondary lymphatic organs and found that the percentage of CD4-and CD8-positive T cells in thymus, spleen, PB and lymph nodes (LNs) was normal in RIAM-deficient mice ( Figure 5A ).
Cellularity of the thymus was normal and slightly increased in spleen, while cell numbers in LNs
of RIAM-deficient mice were significantly decreased ( Figure 5B ). To confirm that the reduced T cell numbers in the LNs of RIAM -/-mice are due to impaired trafficking, we compared homing of adoptively transferred wt and RIAM deficient T cells to LNs. In line with previous reports, which showed strongly reduced T cell homing to LNs in the absence of talin-1 and β 2 integrin, homing of RIAM-deficient CD4 T cells was significantly impaired and was mirrored by an accumulation of these T cells in the spleen ( Figure 5C ) 36, 37 . Collectively, these observations strongly suggest that efficient entry of mature T cells into LNs is RIAM-and talin-1-dependent, while earlier differentiation of these T cells is RIAM-and talin-1 independent 36 . 
In situ activated T cells (T blasts) interact with multiple
DISCUSSION
Comprehensive biochemical, cell biological and structural studies identified RIAM as an important component of the integrin inside-out signaling cascade directly upstream of talin, which in turn is believed to be essential for the activation of all integrin classes. Despite its proposed role in talin activation, loss of RIAM expression in mice neither affects their development nor leads to overt postnatal phenotypes including an expected bleeding tendency due to impaired platelet integrin activation 25 . These observations suggest that the role of the RIAM/talin complex in integrin regulation is either more restricted than originally predicted from in vitro studies or that the absence of RIAM is efficiently compensated by other talin activators and thereby enables normal development and tissue homeostasis in the absence of RIAM.
To test whether the RIAM/talin complex contributes to integrin activation in either a cell type-or an integrin-specific manner, we generated RIAM-deficient mice and confirmed that their For personal use only. on . by guest www.bloodjournal.org From 1 4 Why is RIAM important for leukocytes and dispensable for platelets? We excluded that levels of Rap-1 GEF, CalDAG-GEFI or the RIAM family member lamellipodin are upregulated in platelets and compensate for the loss of RIAM (data not shown). Interestingly, RIAM levels are low in platelets while talin-1 is highly abundant pointing to the presence of additional proteins that recruit talin to the platelet plasma membrane, which is assumed to be the key function of RIAM 19, 21, 24 . Such functions could be fulfilled by members of the Grb7 family of adaptor proteins consisting of Grb7, Grb10 and Grb14. They share a similar modular structure with MRL proteins with a central PH, a putative Ras-association domain combined with an N-terminal proline-rich region 42 . Although an interaction of Grb7 with talin or Rap1 has not been reported so far, the Cterminal SH2-domain of Grb7 was shown to directly bind focal adhesion kinase (FAK), which in turn binds talin 43, 44 . In addition, local production of PIP2 by the lipid kinase PIP kinase type I γ (PIPKIγ) could recruit the talin head and repel the talin rod domain thereby relieving the talin auto-inhibition 45 . Finally, it is also possible that the high levels of vinculin may promote/maintain talin activation in the absence of RIAM 24 , probably through binding to PIP2, which releases the auto-inhibited state of vinculin resulting in the binding to the talin rod domain 46 . One has to critically note, however, that high levels of PIP2 and talin at the plasma membrane of activated Peripheral blood cell counts of wt (n=12), RIAM −/− (n=18) and talin-1 fl/fl /Mx1-Cre (Talin-1 -/-) mice (n=9). Talin-1 deletion was induced with polyIC and blood counts were measured 10 days later. Values are given as mean ± SD. *p<0.01; **p<0.001;
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